Introduction
Characterization of adsorbed biomolecules (e.g. nucleic acids and proteins) on solid surfaces plays an important role in the study of various biological processes relevant to biorecognition, bioseparations and biosensing. To make quantitative gains in sensitivity and selectivity at the nanoscale level, it is very desirable to develop techniques and tools to enable detection and identification of adsorbed molecules on biofunctionalized surfaces. In most cases resolution and detection of these events are desired at the monolayer level, i.e. less than 10 nm. It is also desired to obtain important information about the thickness and surface coverage of adsorbed monolayers, biomolecules as well as molecular concentration to understand the biomolecule-material interactions at the surface. Techniques employed to evaluate and quantify biological interactions at solid surfaces include assays using fluorescent, radiolabelled, or immunochemical detection tags and optical techniques such as ellipsometry, infrared (IR) spectroscopy and Raman spectroscopy. While optical techniques offer the advantage of being non-destructive and non-contact bearing, most optical methods require an accurate knowledge of optical properties of the materials to enable an accurate description of the interaction of radiation with the material [1] .
Obtaining optical properties of materials such as metals, organic films, and biological moieties such as ligands, peptides, DNA and proteins in the wide spectral range has been a challenge. Previous research has shown that high quality measurements can be performed on metals and organics over a wide range of energies from visible to X-ray regions to study the optical properties [2] and [3] . There is a need to determine the optical properties of many biological moieties and biofunctionalized surfaces in spectral regions ranging from vacuum ultraviolet (VUV) through soft X-ray regions. Techniques such as electron energy loss spectroscopy [4] and [5] , ellipsometry [6] , the angle dependence of the photoelectric yield [7] , and interferometry [8] are used for deriving the optical properties of materials in the VUV through X-ray regions. However the optical properties of protein monolayers, ultrathin organo-silane monolayers (<10 nm) on solid surfaces are not known. Many molecules absorb UV radiations and corresponding absorption bands represent structural groups known as chromophores within the molecule. VUV-SE shows higher sensitivity towards the detection and identification of biomolecular interactions at the monolayer level as light in the VUV range is higher in energy and thus has a short penetration depth into materials which makes VUV-SE higher in surface sensitivity for extremely thin adsorbed films [9] and [10] . With shorter penetration depth, VUV-SE is capable of addressing these issues for ultrathin films and a brief summary of optical properties of studied biofilms in wide spectral range (i.e. 0.73-9.43 eV) using VUV-SE is presented.
In literature, researchers have used VUV-SE to investigate: (a) interband optical properties of crystalline (quartz) and amorphous SiO 2 [11] , (b) optical properties of thin silicon oxynitride film with thickness 25-35 nm [12] , (c) direct observation of the dielectric properties of cubic SiC from electronic transitions [13] , (d) optical and electronic properties of amorphous carbon films [13] and [14] , (e) electronic structure of complex oxides such as high k dielectrics [15] , [16] , [17] , [18] , [19] and [20] , (f) optical properties of binary transition metal (TM) nitrides and carbides [21] , (g) optical constants of lithography based films (photoresists, AR coatings, etc.) and Alq 3 thin films for large-area display applications [22] and (h) optical and electronic properties of high refractive index materials such tantalum oxide thin films [23] . Dielectric properties of DNA base films, i.e. guanine, adenine, cytosine, and thymine in the energy range from near-IR to UV have been investigated using VUV-SE. The imaginary part of the dielectric properties ε 2 of the DNA base films was compared to the electronic transitions of single molecules calculated using time dependent density function theory [24] , [25] and [26] . The photophysical and photochemical behavior of the organic molecules such as phenylsilane on silicon was also studied by VUV-SE [27] . In the presented work, we used VUV-SE to detect and identify biological moieties/interactions present at a solid interface of extremely thin adsorbed films and also to accurately determine optical properties of the adsorbed monolayers.
Materials and methods
Polished silicon wafers (2 in. diameter (100), p-type, resistivity (p) < 0.1) were purchased from Polishing Corporation of America (Santa Clara, CA). Sulfuric acid (ACS Plus grade) and Hydrogen peroxide (ACS grade 30% solution) was purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide pellets (ACS reagent) were purchased from Sigma (St. Louis, MO). Ethanol (200 proof) was purchased from AAPER Alcohol (Shelbyville, KY). 3-Aminopropyltriethoxysilane (APTES) and 3-glycidoxypropyltriethoxysilane (GPS) were purchased from Gelest, Inc. (Morrisville, PA). Chemicals used for the buffer (PBS, pH 7.4) preparation were all of analytical grade or better. Glutaraldehyde (70% aqueous solution) and ethanolamine were purchased from Sigma-Aldrich (St. Louis, MO). Human IgG (lyophilized powder) was obtained from Equitech Bio, Inc. (Kerrville, TX). Deionized water was obtained from a Millipore milli-Q ion exchange apparatus. All chemicals were used as purchased without further purification.
Cleaning of silicon wafers
Silicon wafers were cut into 1 cm 2 pieces and cleaned by sonication in ethanol (200 proof) for 20 min. Wafers were hydroxylated using mixture of 30% hydrogen peroxide (H 2 O 2 ) and concentrated sulfuric acid (H 2 SO 4 ) (1:3, v/v) for 30 min [28] . After neutralizing with NaOH (2 M) for 3 min, samples were thoroughly rinsed with water for 15 min. Cleaned samples were stored in DI water before use.
Silanization of cleaned silicon wafer surfaces with APTES
Cleaned wafers were reacted with a fresh 1% (v/v in ethanol) APTES solution for 15 min under N 2 atmosphere at room temperature. Upon reaction completion, the wafers were rinsed three times with pure ethanol, and then sonicated in pure ethanol for 15 min to remove any non-covalently bonded silane compounds. Samples were baked for 15-20 min at 70-75 °C to stabilize the silane monolayer on silicon wafers.
Silanization of cleaned silicon wafer surfaces with GPS
Cleaned wafers were reacted using a fresh 1% (v/v in ethanol) GPS solution for 60 min under N 2 atmosphere, at room temperature. Upon reaction completion, the wafers were rinsed three times with pure ethanol, and then sonicated in ethanol for 15 min to remove any non-covalently bonded silane compounds. Samples were baked for 15-20 min at 70-75 °C to stabilize the silane monolayer on the silicon wafers. This process renders epoxy terminated surfaces which allows us to immobilize protein without using crosslinking agents.
Covalent immobilization of Human IgG
In this paper, silicon surfaces modified with APTES were reacted with a 2.5% glutaraldehyde solution in PBS buffer (pH 7.4) for 6 h [28] , followed by rinsing with PBS buffer and DI water three times. The glutaraldehyde activated and epoxy terminated surfaces were then placed into 1.0 mg/ml Human IgG solution at room temperature for 24 h with moderate shaking speed. The surfaces were washed with PBS buffer (pH 7.4) and DI water. Surfaces were dried using N 2 gas before measurement.
Ellipsometry
A Commercial Vacuum Ultraviolet Variable Angle Spectroscopic Ellipsometer with photon energy range (0.73-9.43 eV) and using two angles of incidence (65° and 75°) were used. Ultraviolet light is obtained from a deuterium (D 2 ) lamp combined with Xe lamp for spectral coverage to longer wavelengths. The ellipsometer utilizes double chamber monochromator improved stray-light rejection in addition to wavelength selection and slitwidth control. The monochromator was placed before the sam-ple to avoid exposure of photo-sensitive materials. Highly accurate measurements were taken on each sample using an AutoRetarder ® . Depolarization effects were separated from the optical constant measurements using the AutoRetarder ® , as the measurements were based on Mueller-matrix elements rather than Jones-matrix elements [29] . A vacuum ambient is not required for the spectral range up to 10 eV. Instead, the ambient is purged using dry nitrogen to avoid adsorption from oxygen and water vapor prominent above 6.5 eV. Optical modeling of all measured data was carried out using commercial software. All the measurements were done in dry state of samples.
Data analysis
In this section, a brief description of the data modeling process is presented and the strategy adopted to model the VUV data is also included. An ellipsometer yields two measurable quantities, Psi (Ψ) and Delta (Δ), at each wavelength and angle of incidence, which describes the change in the polarization state of light when it is allowed to interact with the sample under investigation [1] . Ellipsometry does not measure optical constants or film thickness directly; however Psi (ψ) and Delta (Δ) can be represented as mathematical functions relating these material characteristics. Hence, a mathematical analysis called a model-dependent analysis must be performed to determine real parameters from the measured ellipsometric data. Numerous material parameters can potentially be determined through spectroscopic ellipsometry analysis, including layer thickness, surface and/or interfacial roughness, optical constants, and void fraction [30] , [29] and [31] , using optical physics (Fresnel reflection coefficients, Snell's law, etc.). The modeling process is illustrated in Figure 1 (adapted from http://www.jawoollam.com ).
Most dielectric materials are transparent in visible spectral wavelengths and become adsorbing in the higher VUV photon energy range [32] . A simple dispersion relation is often used to describe optical properties for many materials in non-adsorbing regions for dielectrics and semiconductors, but not metals [33] and [34] . The Cauchy-Urbach relationship represents the index of refraction n and extinction coefficient k as slowly varying functions of wavelength, λ, with an exponential to represent a short wavelength absorption tail:
where A, B, and C are known as the Cauchy Coefficients. A gives the constant value of 'n' at long wavelengths, B controls the curvature of 'n' in the middle of the visible spectrum and C influences the spectrum to a greater extent for shorter wavelengths. The extinction coefficient 'k' is expressed as a function of the photon energy in the Urbach relationship, i.e. Eq. (2) . In this equation, 'k' is expressed in terms of the extinction coefficient amplitude A k , the exponent B k , and the band edge E b . These parameters (except E b, fixed at short wavelength) can be defined as fit parameters in the Cauchy layer to perform model-dependent analysis. The initial values for these parameters used in this study were approximately valid for thermal silicon oxide [30] . (A = 1.45; B = 0.01; C = 0; A k = 0;
However, a different model, an oscillator model, was needed to describe the film absorption at shorter wavelengths, i.e. at higher photon energies. Gaussian shaped oscillators were used to incorporate the effect of adsorption in the VUV spectral range. Dielectric properties for the Gaussian shaped oscillators are shown below [34] :
where, A is the amplitude, E c is the center energy, B is the broadening and K represents the Kramers-Kronig transformation in Equations (3) and (4).
There are two common modeling approaches used to describe optical properties for films transparent in the visible but that absorb in VUV spectral range: the wavelength-by-wavelength (λ-by-λ), or point-by-point approach and the oscillator model approach. Both methods start by fitting measured data in the transparent region to determine film thickness. In the λ-by-λ approach, the resulting thickness is fixed to determine optical properties 'n and k' from the measured quantities 'ψ and Δ' and the oscillator model approach describes the optical constants using a dispersion relation taking the absorption into consideration. The parameters of this relation can be varied to fit the experimental data and can be used to evaluate the characteristic of the studied material. Most oscillator models maintain KramersKronig consistency hence it is reasonable to assume that the resulting optical constants maintain a physical shape.
In this study, these two approaches were combined for further benefit. The data were acquired over the desired spectral range (0.73-9.43 eV) and angles of incidence (65° and 75°) and the following procedure used to analyze all data. First, to determine the film thickness of each sample, a model was constructed in the transparent region, used from wavelength 350 to 1200 nm) based on the nature and chemistry of the thin films as well as the Si substrate properties. For most transparent films, the value of k is equal to zero and hence Urbach relation was Figure 1 . Modeling process using WVASE software. only included to model the onset of UV absorption. Optical constants of silicon substrates were taken from the literature [35] . A standard oscillator model for SiO 2 was used to describe optical properties of both the oxidized and hydroxylated silicon layer for all the samples. Cauchy dispersion relations were used to describe the optical properties of the APTES monolayer, GPS monolayer and Human Immunoglobin G (HIgG) film in the respective samples. In case of a combination of two layers in a sample (e.g. APTES and HIgG), both Cauchy layers were not coupled to each other but were fitted separately to identify optical constants of each film. Second, the assumed model was used to generate the expected Ψ and Δ for the selected wavelength range and angles of incidence. Lastly, the measured 'Ψ and Δ' data were compared to the model-based generated 'Ψ and Δ' data. Iterations of a fitting algorithm were then performed to adjust the selected model parameters so that the model-predicted Ψ and Δ data match the measured ones as closely as possible. The most commonly used algorithm is the Marquart-Levenberg algorithm [36] . The closeness of the fit is described by the Mean Square Error (MSE), which is used to quantify the difference between the experimental and generated data [37] . A lower MSE implies a better fit.
Here, the model-dependent analysis was done in two sections. In the first section, to determine the film thickness, a Cauchy layer model was used to describe optical properties of the silane and protein monolayer in the user selected transparent region (i.e. 350-1200 nm). The thickness and Cauchy parameters were used as fitting parameters in the model. In the second section, the resulting thickness was fixed to determine the sample optical properties in the adsorbing region. In this section, a λ-by-λ approach was used to fit the data from the assumed model in the selected spectral range from 3.5 to 9.43 eV. Optical constants resulting from the λ-by-λ approach were then used as a reference material in a general oscillator layer. New Gaussian shaped oscillators were added to the general oscillator layer to obtain a new dispersion relation. Both ε 1 and ε 2 generated by this dispersion relation were fitted to the reference material and the resulting dispersion relation was used to generate ψ and Δ data and compare with experimental ψ and Δ data. The number of oscillators and oscillator parameters such as center energy, broadening and amplitude, etc. were adjusted to match the experimental data and this procedure was iterated until a best fit was obtained. Once the best fit was obtained, resulting material optical constants were saved and the various oscillator strengths, energy and broadening were tabulated. Oscillator models used here are Kramers-Kronig consistent hence it is reasonable to assume that resulting optical constants maintain a physically meaningful shape. Last, the newly obtained model was fitted against experimental data for the entire spectral range.
Results and discussion
As a case study, five samples were examined using VUV-SE. A cleaned silicon surface, APTES (3-aminopropyltriethoxysilane) monolayer grafted silicon surface, Human IgG immobilized on APTES grafted surface using glutaraldehyde, GPS (3-glycidoxypropyltriethoxysilane grafted silicon surface and Human IgG immobilized on GPS grafted surface corresponding to sample 1, 2, 3, 4 and 5, respectively. After hydroxylation or piranha treatment (i.e. sample 1), silicon native oxide thickness was reduced to 2.087 from 2.5 nm. A Cauchy layer was added to this basic model to represent the APTES layer grafted onto the hydroxylated silicon surface. The molecular length of the APTES molecule, shown in Figure 2 , was calculated using an optimized geometry experiment in the computer-aided chemistry software BioMedCAChe ® by Fujitsu and was found to vary from 0.6 to 1.0 nm depending on the orientation. Thus, it is reasonable to assume that the expected increment in average thickness after a monolayer deposition of APTES should be in a similar range. Using Cauchy layer, the fitting procedure results in APTES layer thickness (i.e. Cauchy layer thickness) equal to 1.496 nm. The average thickness of a silane layer is in the range of monolayer and thus it can be assumed that sample 2 (i.e. APTES grafted surface) has either monolayer or double layer of APTES molecules grafted on to the surface, but not multilayers. Similarly, the thickness of the GPS layer in sample 4 was found to be 0.211 nm. The molecular length of GPS molecule, shown in Figure 2 , was calculated by using computer-aided chemistry software BioMedCAChe ® and found to be in the range of around 0.9-1.1 nm, thus it indicates that sample 4 (i.e. GPS grafted surface) is partially covered with GPS molecules and does not have any multilayer formation on the surface. An optical model for sample 3 was constructed by adding a Cauchy layer to the previous model, to describe the optical properties of protein immobilized surfaces. Human IgG antibody molecules have a nominal size of 7.0-8.0 nm when attached vertically and ~3.0-4.0 nm when inclined completely [38] so depending on the structure of antibody on surfaces, measured thickness is an average. Thickness data shown in Table 1 confirms attachment of Human IgG on both APTES and GPS grafted surfaces (i.e. samples 3 Figure 2 . Molecular structure of GPS (3-glycidoxypropyltriethoxysilane) and APTES (3-aminopropyltriethoxysilane) compounds. and sample 5). Samples 3 and 5 show an increment of thickness, i.e. 4.81 nm and 3.41 nm after Human IgG immobilization, respectively. The thickness data presented in this article is an average over 1 cm 2 of surface, and the surface coverage of respective layers has not been studied in this article.
After determining film thicknesses for each layer in all samples, combination of both wavelength-by-wavelength (λ-by-λ) approach and the oscillator model approach was used to determine optical properties of APTES, GPS and Human IgG layer on silicon surfaces in the VUV range. Gaussian oscillators and their parameters such as center energy, broadening and amplitude were used to fit the peaks obtained by the wavelength-by-wavelength approach. In all samples several noticeable chemistries were seen in the VUV data. Detectable chromophores or compounds using VUV spectroscopy are shown for reference in Table 2 [39] . Figure 3 shows the real and imaginary part of dielectric properties (ε 1 and ε 2 ) of APTES film as a function of photon energy from 0.73 to 9.43 eV. Table 3 corresponding to sample 2, shows the oscillator parameters: amplitude, center energy (in eV) and broadening of oscillator's peaks, obtained for AP-TES film. The features at center energies 6.4501 and 8.73 eV can be assigned to C-N (n → σ* transition) and C-C Sigma bond chromophores, respectively. Sigma bond chromophores show the result of adsorption due to σ to σ* excitations. Similarly, Table 3 corresponding to sample 4 shows the oscillator parameters obtained for GPS film. It is of most importance to point out the feature at approximately 7.37 eV in Figure 4 for the GPS-modified sample. GPS contains an epoxy group in the molecule and absorption due to it can clearly be seen in the data. Peaks at central energies 8.69 and 8.83 eV in Figure  4 can be assigned to C-C Sigma bond chromophores for the GPS-modified sample. Figure 5 compares the real and imaginary part of dielectric properties (ε 1 and ε 2 ) of APTES and GPS films as a function of photon energy. Because it is only the GPS-modified surface which contains an epoxy group, the feature at 7.37 eV is present in the curve of the GPS-modified sample. Similarly, the C-N chromophores or C-NH 2 peak at 6.4501 eV is only present in the APTES-modified sample since the APTES molecule contains an -NH 2 group in chains. The C-C Sigma bond chromophore peaks are present in both APTES and GPS-modified sample. Features present in the 3-4 eV range might be due to the silicon substrate. The real and imaginary parts of dielectric constants for silicon substrates Table 1 . Sample description and film thickness determined using Cauchy dispersion relation in the transparent region This table lists are shown in Figure 6 . Since the APTES and GPS-modified surface thicknesses are very low compared to the penetration depth in the VUV, substrate features are still present in the optical properties of APTES and GPS films. For thicker samples, these substrate features are comparatively subdued. Specifically, since the GPS layer thickness was observed to be very low, it is uncertain to obtain absolute index values. However, it is reasonable to assume that the spectral features present are valid since it disappears after protein immobilization. This is also supported by the fact that substrate features are quenched in Figure 7 and Figure 8 which shows optical properties of Immobilized Human IgG layers on APTES and GPS grafted surfaces (i.e. samples 3 and 5), respectively. Due to limited knowledge of chromophores in the VUV range, some of features could not be assigned in the observed data. Table 3 also show oscillator parameters for Immobilized Human IgG layers on APTES and GPS grafted surfaces (i.e. samples 3 and 5), respectively. In Table 3 , features at center energies 5.49, 6.35, 7.0 and 9.4 eV (shown in Figure 7 ) can be assigned to C═O (n → π* transition), C-N, C-O (n → σ* transition), C-C (σ → σ* transition) chromophores, respectively. Similar features are also present for sample 5 (i.e. Human IgG immobilized on GPS grafted surface) seen in Figure 8 at center (Table 3 ). Figure 9 compares optical properties of Human IgG immobilized on APTES and GPS grafted surfaces, respectively. It can be observed that both the curves look very similar to each other, as expected. Figure 10 compares dielectric constants of APTES and Human IgG simultaneously immobilized on an APTES grafted surface. It can be observed that the feature present around 6.35 eV due to C-N (n → σ* transition) chromophores becomes stronger. It is known from literature that Human IgG, i.e. proteins, have C-N bonds in abundance. Similarly, compare GPS and Human IgG immobilized on GPS grafted surfaces in Figure 11 . Note that the feature at 7.37 eV due to the epoxy group in GPS molecule is quenched, and a feature at 6.32 eV appears due to the presence of C-N bonds in proteins. It is important to note that energy assignments are approximations because values were taken from tabulated data obtained through the study of compounds in the gaseous or liquid state and not from the solid state [39] .
Conclusions
In summary, we have shown that the isotropic dielectric properties of thin silane and protein monolayers can be determined by spectroscopic ellipsometry from the near-IR to VUV spectral range. The spectra were modeled using a Cauchy dispersion relation in visible range and Gaussian shaped oscillators incorporate adsorption features in the VUV range. These models provide a good description of the acquired spectra and accurately identify the molecules on the surface. The adsorption spectrum of two different compounds: 3-aminopropyltriethoxysilane and 3-glycidoxypropyltriethoxysilane and the spectra of immobilized Human IgG on silicon surfaces were analyzed based on certain distinguishable chromophores present in the molecules. A comparative study of APTES and GPS grafted surfaces points out that adsorption peaks at 6.45 eV and 7.37 eV are due to presence of C-N chromophores or C-NH 2 and epoxy groups in respective molecules. The absorption peak present due C-N chromophores on APTES grafted surfaces become strong when Human IgG is immobilized on these surfaces. Similarly, the adsorption peak at 7.37 eV due to the epoxy group on the GPS grafted molecule is quenched when Human IgG is immobilized on these surfaces, and feature appears at 6.32 eV due to the presence of C-N bonds in proteins. Accurate dielectric properties of organic/biofilms were obtained in the energy range from 0.73 to 9.43 eV. In conclusion, VUV-SE shows great promise for determining surface chemistry due to the relatively shallow light penetration depth. This depth depends on the extinction coefficient value for each particular adsorption. 
